Measurement of current perception threshold (CPT) using the Neurometer ® at 2000, 250 and 5 Hz assesses function in three different nerve fibre types. This method was used to investigate peripheral neuropathy in 116 patients with type 2 diabetes mellitus and 38 healthy controls. The CPT at 2000 Hz was significantly higher in diabetic patients than in controls, and showed a significant negative correlation with motor and sensory nerve conduction velocities. At 250 Hz, CPT showed a significant positive correlation with the vibration perception threshold. At 5 Hz, the change in systolic blood pressure in the Schellong test in patients with hypoaesthesia tended to be less than in those with normal sensation or hyperaesthesia. Significantly higher CPT values were obtained in patients with proliferative diabetic retinopathy and macroalbuminuria. These data suggest that CPT is useful in detecting abnormalities of myelinated as opposed to unmyelinated nerve fibres in patients with type 2 diabetes.
Introduction
Neuropathy is a common complication of diabetes mellitus; together with retinopathy and nephropathy, it forms the so-called diabetic triopathy, but is much more difficult to evaluate than the other two components. Patients who are neurologically asymptomatic may harbour dysfunction in peripheral somatic or autonomic nerve fibres. Although several methods are available for detecting diabetic neuropathy, such as motor and sensory nerve conduction velocities, 1 vibration perception tests, 2 the heart rate coefficient of variation of the electrocardiographic R -R interval (CV R -R ) 3 and the Schellong test, 4 specific criteria for diagnosing early diabetic neuropathy remain to be established.
Novel investigative techniques, such as quantitative sensory testing 5 and subcutaneous pressure perception threshold measurement, 6 have shown much promise, but applicability in the clinical setting remains limited. 7 Among the quantitative methods, measurement of the current perception threshold (CPT) using the Neurometer ® (Neurotron Inc., Baltimore, Maryland, USA) has been shown to detect and quantify disorders of peripheral nerve function in several clinical situations. 8, 9 Although conventional methods assess overall motor or sensory nerve function, the Neurometer ® can elucidate the functional status of three distinct nerve fibre typeslarge myelinated (Aβ) fibres, medium-size myelinated (Aδ) fibres and unmyelinated (C) fibres -by measuring the CPT at settings of 2000, 250 and 5 Hz, respectively. 10, 11 At each frequency, a CPT below the normal range is considered to indicate hyperaesthesia, while a CPT above the normal range is considered to indicate hypoaesthesia. 12 In this study we compared the Neurometer ® method, a specific and quantitative clinical measure of peripheral nerve function, with several conventional methods for detecting neuropathy in patients with type 2 diabetes. We also studied the development and progression of diabetic neuropathy and its relationships with other complications using CPT measurements.
Patients and methods

PATIENTS
Patients with type 2 diabetes and agematched healthy controls were recruited. All patients were receiving general diabetes care at our department of internal medicine. Subjects were permitted to have complications associated with diabetic microangiopathy, such as retinopathy or nephropathy. Patients with type 1 diabetes were excluded due to differences in the pathogenesis of the two types of diabetes. Informed consent was obtained from all study participants. The local ethics committee in our university granted approval for this study.
MEASUREMENT OF CURRENT PERCEPTION THRESHOLD
Current perception threshold testing with the Neurometer ® was carried out at 2000, 250 and 5 Hz on the left forefinger in both patients and healthy controls. At each frequency, the range of current that could be perceived was determined. To do this, the current was increased slowly (to a maximum of 9.99 mA) until the subject reported sensation. The current was then terminated, decreased by 0.08 mA and reapplied. This sequence was repeated with the current being adjusted until a 0.08 mA bracket was found, where the upper end of the range was always felt and the lower current end of the range was never felt. The middle of this 0.08 mA bracket was reported as the CPT, 10, 13, 14 and defined as the minimum level of applied current that an individual consciously perceived 50% of the time at a given frequency.
A normal CPT was defined as the range from the mean − 1 SD to the mean + 1 SD using the CPT values from the healthy subjects. Hyperaesthesia was defined as a CPT below the normal range, normoaesthesia as a CPT within the normal range, and hypoaesthesia as a CPT above the normal range. 12, 15 
ASSESSMENT OF NEUROPATHY BY CONVENTIONAL METHODS
Various examinations were performed to determine the degree of neuropathy present in the patients with diabetes. Patients were questioned concerning the presence or absence of subjective numbness in their lower extremities and asked to classify any numbness as persistent or intermittent. The presence or absence of Achilles tendon reflexes was recorded.
The motor and sensory nerve conduction velocities were measured in the median and sural nerve, respectively, in all patients. The coefficient of variation of the CV R -R was determined from electrocardiographic data. The vibration perception threshold (VPT), a marker of deep sensation, was determined using an SMV5 vibrometer (Teknologue, Tokyo, Japan). The change in systolic blood pressure between supine and standing positions (ΔsBP) was measured in order to determine the presence of orthostatic hypertension (Schellong test). 4
ASSESSMENT OF DIABETIC STATUS
Fasting plasma glucose concentrations, daily urinary C-peptide reactivity, and serum concentrations of glycosylated haemoglobin A 1c were measured in patients with diabetes.
ASSESSMENT OF RETINOPATHY
The patients were examined by ophthalmologists and were classified as having no diabetic retinopathy, simple diabetic retinopathy or proliferative diabetic retinopathy, according to Davis' classification. 16 
ASSESSMENT OF NEPHROPATHY
Urinary albumin excretion (UAE) was determined by enzyme immunoassay and expressed as the urinary albumin content relative to the urinary creatinine content. Normoalbuminuria was defined as a UAE level < 30 mg/g creatinine, microalbuminuria as a UAE level between 30 and 200 mg/g creatinine, and macroalbuminuria as a UAE level > 200 mg/g creatinine.
STATISTICAL ANALYSIS
All data were expressed as the mean ± SD. Differences in mean values or the prevalence of disease between groups were assessed using the Student's unpaired t-test and the χ 2 test, respectively. Correlations between two parameters were evaluated by linear regression analysis. A P-value < 0.05 was considered to be statistically significant.
Results
A total of 116 patients with type 2 diabetes and 38 age-matched healthy controls were recruited to the study. The characteristics of the diabetic patients and the healthy controls are summarized in Table 1 . All the participants completed the study.
No significant differences in CPT were evident at 5 or 250 Hz between the healthy controls and the patients with diabetes. At 2000 Hz, CPT values in the diabetic patients were significantly higher than in healthy subjects. The normal range on CPT testing was 244.6 ± 23.4 mA × 100 at 2000 Hz, 90.1 ± 18.2 mA × 100 at 250 Hz, and 53.0 ± 15.1 mA × 100 at 5 Hz. Using these values, the diabetic patients were classified as having hyperaesthesia, normoaesthesia or hypoaesthesia at each of the frequencies tested. The mean CPT values in these groups and in healthy control subjects at each of the frequencies tested are shown in Fig. 1 .
Some patients at each frequency showed hyperaesthesia and had significantly lower CPT values than control subjects ( Fig. 1) . Similarly, the CPT values at each frequency for patients with hypoaesthesia were significantly higher (P < 0.05) than those in control subjects. Among the diabetic patients, 13.3% had hyperaesthesia and 40.7% had hypoaesthesia at 2000 Hz; 14.2% had hyperaesthesia and 22.1% hypoaesthesia at 250 Hz; and 20.3% had hyperaesthesia and 8% had hypoaesthesia at 5 Hz.
When classified according to the duration of diabetes, patients with a longer duration of diabetes (either 10 -14 years or ≥ 15 years) tended to show higher CPT values at 2000 Current perception threshold measurement in type 2 diabetes and 250 Hz than those with shorter disease duration (< 9 years), but the differences were not statistically significant.
Correlations between nerve conduction velocities and the CPT at 2000 Hz were investigated in the diabetic patients ( Fig. 2 ). There was a significant negative correlation between CPT and both motor and sensory conduction velocities. The correlation coefficient was greater for sensory conduction velocity than for motor conduction velocity (Fig. 2) .
The relationship between VPT and CPT was studied at 250 and 2000 Hz ( Fig. 3) . At 2000 Hz, the VPT in the hypoaesthesia group was significantly greater than in the normoaesthesia group, but there was no significant difference between the hyperaesthesia group and the normoaesthesia group. At 250 Hz, the VPT in patients with either hyperaesthesia or hypoaesthesia was significantly higher than in those with normoaesthesia.
The relationship between lower limb numbness and CPT was studied in the CPT values in those with persistent numbness were significantly higher than in asymptomatic subjects ( Fig. 4 ). Although CPT values in those with intermittent numbness showed a tendency to exceed those in the asymptomatic group at 2000 and 250 Hz, the differences were not statistically significant.
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In order to evaluate the association between autonomic nerve function and CPT, the relationships between ΔsBP or CV R -R and the three groups defined by CPT at 5 Hz were investigated (Fig. 5 ). The hypoaesthesia group showed a remarkably greater ΔsBP than the normal or hyperaesthesia group. There were no significant differences in CV R -R between the three groups.
The classification of retinopathy and nephropathy found in the diabetic patients is shown in Table 1 . The relationships between the CPT value at 2000 Hz and the grade of retinopathy or nephropathy were studied ( Fig. 6 ). With regard to diabetic retinopathy, although the CPT value in the simple diabetic retinopathy group was no higher than in the no-diabetic-retinopathy group, the CPT in those with proliferative diabetic retinopathy was significantly higher than in the no-diabetic-retinopathy group. For diabetic nephropathy, the CPT in the macroalbuminuria group was significantly higher than in the normoalbuminuria group.
The relationship between CPT values at each frequency and various markers for diabetic neuropathy was also studied using multiple linear regression ( Table 2) . CPT values at 2000 Hz showed significant negative correlations with motor and sensory nerve conduction velocities and VPT. At 250 Hz, CPT values exhibited significant negative correlations with sensory nerve conduction velocity and VPT, but not motor nerve conduction velocity. At 5 Hz, CPT values did not correlate significantly with either CV R -R or ΔsBP.
The sensitivity of CPT at each frequency was compared with that of conventional markers of peripheral nerve function using the χ 2 test (Table 3 ). CPT at 2000 Hz was significantly more sensitive than either motor or sensory nerve conduction velocities. On the other hand, VPT and the Achilles tendon reflex were significantly more ΔsBP (mmHg) R Matsutomo, K Takebayashi, Y Aso Current perception threshold measurement in type 2 diabetes sensitive than CPT at 2000 Hz. Similarly, VPT was significantly more sensitive than CPT at 250 Hz (P < 0.0001). CPT showed no significant difference in sensitivity compared with ΔsBP, but was significantly less sensitive than CV R -R . 
Discussion
Various conventional tests are used to examine peripheral nerve function, such as motor and sensory nerve conduction velocities. Some new investigative techniques, including quantitative sensory testing, 5 plantar foot pressure 17 and VPT, 18 have shown promise, but testing of more than one sensory nerve was recommended because of great variability. 19 The underlying premise of the Neurometer ® is based on the observation that nervous tissue can discriminate waveform parameters following an electrical stimulus. 20 The CPT as measured by the Neurometer ® can quantify peripheral nerve impairment 8, 9 and provide a survey of the functional integrity of different nerve fibre populations, especially myelinated and unmyelinated sensory fibres, in contrast with conventional alternatives. 11, 21 CPT values have been found to be useful in evaluating improvement of peripheral neuropathy with treatments using monochromatic near-infrared light 22 or pentoxifylline. 23 We therefore investigated the clinical sensitivity of CPT values in evaluating patients with type 2 diabetes mellitus in comparison to conventional methods.
Although an early report noted considerably higher CPT values in diabetic patients than control subjects at each frequency, 24 we found that although some diabetic patients had higher CPT values than control subjects, others had lower CPT values. We therefore divided diabetic patients into three groups according to the CPT results: normoaesthesia, hyperaesthesia and hypoaesthesia. In the progression of diabetic neuropathy, hyperaesthesia is considered to be followed by hypoaesthesia. 15 Hypoaesthesia was much more prevalent at 2000 Hz (40.7%) than at 5 Hz (8%) or 250 Hz (22.1%), suggesting that CPT at 2000 Hz was more sensitive to abnormality than at 5 Hz. Although this difference might indicate that damage to large myelinated nerve fibres precedes damage to unmyelinated fibres, unmyelinated fibres are considered more vulnerable to damage in diabetic neuropathy than large or intermediate myelinated fibres. The CPT at 2000 Hz closely correlated with both motor and sensory nerve conduction velocities, which is consistent with previous findings that high-frequency detection thresholds correlated best with tests of largefibre function. 25 The correlation coefficient of CPT was higher for sensory nerve conduction velocity than for motor nerve conduction velocity, suggesting that CPT at 2000 Hz may show some selectivity, favouring sensory rather than motor nerve function.
The VPT measured by the SMV5 apparatus is a clinically useful measure of deep sensation. We compared the relationship between VPT and CPT at 2000 Hz and 250 Hz, corresponding to large and intermediate myelinated fibres, respectively. Significant correlations between the tests were seen when CPT was performed at either 2000 or 250 Hz. Furthermore, patients with hypoaesthesia at either 2000 or 250 Hz showed significantly higher VPT values than those with normoaesthesia. The VPT of patients with hyperaesthesia at 250 Hz was also significantly higher than in those with normoaesthesia, suggesting that a change in the CPT could detect early disturbance of vibration sensation.
The present study showed that patients with continuous as opposed to intermittent dysaesthesia showed significantly higher CPT values at all frequencies than those without dysaesthesia. Characteristics of dysaesthesias include numbness, 'pins-andneedles' tingling, lancinating pain, and cold or burning sensations; CPT most commonly produces the first three sensations, 26 so we focused on these. In agreement with our results, symptom scores have been found to correlate closely with CPT values in diabetic patients. 27 One study found that CPT evaluation failed to quantify painful symptoms, 28 but this discrepancy may be due to differences in the criteria used to identify painful neuropathy.
In the present study, patients with a longer duration of diabetes tended to show higher CPT values at 2000 and 250 Hz than those with a shorter disease duration, but the differences were not statistically significant. This is likely to be due to variability within the duration-defined groups. In support of this finding, the Neurometer ® has been reported to be a simple instrument appropriate for use in clinical practice, while being limited by the variability of results. 29 Suzuki et al., 30 however, reported significant positive correlations between CPT values at the three frequencies and the duration of diabetes. This issue should be studied further in larger numbers of patients.
Measurement of CPT values at 5 Hz is used to assess unmyelinated nerve function, which is important for the autonomic nervous system. In the present study, according to the Schellong test, patients with hypoaesthesia exhibited remarkably greater blood-pressure falls than those with normoaesthesia or hyperaesthesia. These data suggest that a high CPT at 5 Hz could specifically detect sympathetic nerve dysfunction. Since there were no significant differences in CV R -R between the three groups, however, the CPT at 5 Hz might be insufficiently sensitive to assess parasympathetic nerve function. Evaluation of CPT at 5 Hz has been suggested to be more effective in the early diagnosis of sensory dysfunction than in identifying autonomic dysfunction. 31 In our study, relationships between CPT at 2000 Hz and the severity of diabetic retinopathy and nephropathy were also studied. The CPT values of patients with proliferative retinopathy were significantly higher than those of patients with no retinopathy, suggesting that worsening of diabetic neuropathy parallels the progression of diabetic retinopathy. This may reflect a common pathogenesis involving progressive R Matsutomo, K Takebayashi, Y Aso Current perception threshold measurement in type 2 diabetes microangiopathy, which is supported by a review article published previously. 32 Similarly, with respect to nephropathy, CPT values in patients with macroalbuminuria were significantly higher than in those with normoalbuminuria; however, this contradicts a previously reported finding 33 that urinary albumin level is negatively associated with the risk of diabetic peripheral neuropathy. This may reflect a difference in assessment methods between our study (CPT) and their study (the monofilament procedure).
We also compared the sensitivity of CPT and various conventional methods using the χ 2 test. CPT was found to be more sensitive than motor and sensory nerve conduction velocities, but less sensitive than VPT, Achilles tendon reflex or CV R -R . VPT has been reported to be of value in the detection and evaluation of early sensory impairment, 34 and CPT does not appear to be superior in this respect. These results suggest that, in terms of sensitivity, CPT measurement with the Neurometer ® is imperfect but clinically useful, especially in combination with conventional methods.
In conclusion, CPT measurement with the Neurometer ® has been shown to be clinically valuable in detecting peripheral nerve dysfunction. This method has the advantages of being able to assess large myelinated, medium-size myelinated and unmyelinated fibres, and to divide patients with diabetic neuropathy into those with normoaesthesia, hyperaesthesia and hypoaesthesia. It does, however, have limitations in terms of its sensitivity and large variability. 29 A combination of conventional methods with CPT should therefore be helpful in elucidating disordered peripheral nerve function in diabetic patients.
